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SECTION  I 


r INTRODUCTION  AND  SUMMARY 

The  objective  of  this  program  was  to  develop  an  optimized  thin  film 
electro-optical  modulator  Intended  for  modulating  digitally  a mode-locked 
Nd:YAG  laser,  emitting  a pulse  stream  at  a rate  of  500  megabits  per  second. 
The  design  goals  call  for  a modulator  capable  of  handling  up  to  500  mW 
average  power  (3.3  W peak),  exhibiting  sufficient  bandwidth  to  operate  at 
one  gigabit  per  second,  and  requiring  not  more  than  3 W driver  power  for  a 
modulation  depth  of  95X.  In  addition,  the  optical  throughput  Is  to  be  no 
less  than  601  and  output  beam  distortion  resulting  from  the  modulator 
transmission  characteristics  should  be  minimal.  The  techniques  of  Integrated 
optics  provide  a novel  technical  base  for  construction  of  such  a low  power 
high  data  rate  modulator.  Reductions  In  size,  weight  and  power  consumption 
are  advantages  Inherent  with  a thin  film  waveguide  approach  to  the  modulator 
design.  Of  necessity  Is  the  definition  of  an  approach  toward  device  develop- 
ment based  on  a controllable  waveguide  formation  process  In  excellent 
electro-optic  materials  (such  as  LINbO^  and  LITaOj)  and  the  detailed 
understanding  of  the  parameters  which  determine  the  optical  damage  of  these 
waveguide  structures  at  high  optical  power  levels.  We  have  demonstrated 
during  the  course  of  this  program  an  approach  to  waveguide  formation  in 
LITaO^  which  preserves  the  excellent  electro-optic  properties  of  this  material 
and  have  demonstrated  that  these  waveguide  structures  can  sustain  high  optical 
power  densities  and  demonstrated  that  >300  nM  can  be  coupled  Into  these 
waveguides  with  no  optical  damage. 

The  waveguide  formation  technique  Is  that  of  In-dlffuslon  of  T1  Into 
LITaOj.  In  this  process,  T1  metal  Is  diffused  Into  LITaO^  at  temperatures 
In  the  1000  to  1300°C  range  for  4 to  24  hour  periods.  The  metal  Is 
evaporated  onto  a polished  y-cut  crystal  and  samples  with  50  to  500  A 
Initial  T1  metal  thicknesses  have  been  studied.  It  has  been  found  that 
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oxidation  of  the  T1  metal  film  to  T102  by  heating  to  450°C  for  >4  hours 
In  flowing  02  before  the  In-diffusion  process  is  carried  out  at  high 


temperatures  greatly  enhances  the  optical  quality  of  the  waveguide  layers 
(removes  a milky  appearance  on  the  surface)  and  ensures  reproducibility 
of  the  sanple  processing.  This  finding  was  crucial  to  the  development 
of  good  quality  optical  waveguide  layers. 

The  waveguide  structures  formed  by  the  in-diffusion  process  were 

O 

tested  at  5145  A (the  wavelength  of  an  argon  laser)  to  simulate  a doubled 
Nd:YAG  laser  output.  The  excitation  of  the  waveguide  inodes  of  propagation 
was  carried  out  using  prism  coupling.  In  this  technique  resonant  energy 
transfer  to  optical  guide  modes  occurs  from  optical  fields  normally  totally 
Internally  reflected  within  the  prism. ^ The  prisms  used  were  made  of  T102 
and  SrTIOj.  Studies  of  the  propagation  at  high  optical  power  densities  in 
these  waveguide  structures  were  made  at  room  temperature  and  at  slightly 
elevated  temperatures  of  - 150°C.  To  accomplish  these  tests  at  both 
temperatures  a special  prism  coupler  compatible  with  heating  of  the 
coupler  asseftfcly  to  200°C  was  designed  and  constructed. 

The  optical  damage  phenomena  occurring  at  room  temperature  and  at 
elevated  temperatures  in  the  Ti-diffused  waveguide  structures  are  explainable 
by  observations  of  optical  damage  in  the  bulk  of  LINbOg  and  LiTa03  crystals. 
Local  Inhomogeneity  of  the  indices  of  refraction  are  observed  due  to  the 
Irradiation  of  these  crystals  with  high  optical  power  densities.  In  the 
Illuminated  regions  the  extraordinary  index  of  refraction  in  these  regions 

_ O 

decreases  by  -10  . This  causes  the  light  to  diverge,  making  the  use  of 
these  crystals  as  electro-optic  modulators  quite  difficult.  It  has  been 
found  that  the  change  of  the  Indices  of  refraction  Is  due  to  photo-carrier 
excitations  from  transition  metal  Impurity  sites  (most  notable,  Fe,  Cu,  and 
Mn)  and  oxygen  vacancies  which  stem  from  reduction  or  the  effects  of  off- 
stoichiometry.  These  photo-carriers,  upon  excitation,  diffuse  away  from 
the  Irradiated  region  and  are  retrapped  preferentially  In  regions  of 
low  Intensity.  The  end  result  Is  a net  space-charge  pattern  that  Is  positive 
In  regions  of  high  Intensity  and  negative  In  regions  of  low  Intensity. 

The  fixed  space  charge  generates  an  electric  field  that  causes  the  Index 
of  refraction  change  by  way  of  the  electro-optic  effect.  Optical  damage 
phenomena  In  optical  waveguide  layers  were  first  discussed  by  Bamoskl 
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and  Lotspelch  of  HRL  at  the  1976  Integrated  Optics  Conference  In  Salt  Lake 
City,  Utah,  as  a result  of  this  program's  efforts.  Scattering  Into  the 
m-llne  of  the  output  mode  pattern  occurs  as  high  optical  power  densities 
above  a critical  Input  power  density  are  coupled  Into  the  waveguide  layer 
for  TE  mode  propagation  along  the  x>ax1s  of  a y-cut  sample.  This  scattering 
Into  the  m-llne  Is  catastrophic  with  respect  to  any  modulator  application. 

We  have  observed,  however,  a "burn-in"  phenomenon  at  room  temperature  which 
Is  quite  Interesting.  With  continuing  Input  coupling  we  have  observed  that 
a return  to  a condition  with  no  damage  occurs  (thus  the  signification 
"bum-in").  The  nature  of  this  bum-in  phenomenon  Is  explainable  along 
the  lines  of  the  model  of  optical  damage  In  the  bulk. 

We  have  shown  during  the  course  of  this  work  that  optical  power  levels 

O 

at  5145  A of  >300  mW  may  be  coupled  Into  the  waveguide  layer  with  no  optical 
damage  and  no  output  power  saturation.  This  represents  the  state-of-the-art 
In  optical  waveguide  modulator  performance  In  that  these  are  the  highest 
optical  power  levels  propagated  In  an  optical  waveguide  structure  In  an 
active  modulator  configuration  for  visible  wavelength  operation.  The 
optical  damage  Is  controlled  by  heating  to  150°C  where  the  self-annealing 
of  any  damage  occurs  due  to  the  de- trapping  of  photo-electrons  due  to 
thermal  excitation  occurs.  These  results  thus  show  that  an  approach  to 
the  low  power  high  data  rate  modulator  under  development  has  been 
satisfactorily  proven.  A concentrated  effort  to  boost  the  net  Input 
and  output  coupling  efficiency  of  44%,  to  a value  close  to  the  theoretical 
values  of  90%  Is  suggested  as  an  Important  problem  area  where  further  work 
should  be  done. 


SECTION  II 


WAVEGUIDE  FORMATION 


A.  The  Selection  of  an  Appropriate  Waveguide  Formulation  Technique 

Planar  thin  film  waveguides  have  been  fabricated  in  a wide  variety 
of  forms  using  such  techniques  as  sputtering,  epitaxy,  photoresist  spin-on 
single  crystal  fine  lapping.  Ion  Implantation  and  diffusion.  Of  these 
different  approaches  to  waveguide  formation  the  approach  most  compatible 
with  low  loss  waveguide  formation  and  the  preservation  of  the  excellent 
electro-optic  properties  of  L1Nb03  and  L1Ta03  Is  that  of  diffusion.  Wave- 
guides may  be  formed  in  L1Nb03  or  L1Ta03  by  out-diffusion  of  H20  near 
the  surface  of  a polished  oriented  plate  of  LINbO,  or  LITaO,.^ 


An  opposite 

approach  Is  to  In-diffuse  transition  metal  Ions  to  form  a high  index  region. 
The  latter  approach  has  been  Incorporated  into  modulator  design  and 
development,  it  Is  however  Instructive  to  review  the  out-diffusion  process 
to  appreciate  the  choice  of  In-dlffuslon  as  the  preferred  technique. 

A depleted  concentration  of  LI^O  near  the  surface  of  a polished 
oriented  plate  of  L1Nb03  and  L1Ta03  results  In  an  Increase  In  the 
extraordinary  Index  n,  where 


= -1.63  for  L1Nb03,  -0.85  for  L1Ta03 

and  X Is  the  fractional  concentration  of  the  out-diffusion  component 
(LlgOjjjtMgOgJ^jj.  Refractive  Index  distributions  of  out-diffused  guides 
are  well  represented  by  a complementary  error  function 


where  A and  B are  functions  of  time  and  dlffuslvlty  and  d Is  the  distance 
below  the  crystal  surface.  The  typical  values  of  these  constants  are 

_3 

A ■ 10  and  B * 200  pm  for  samples  heated  In  vacuum  at  1100°C  for  about 
20  hours. 
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The  technique  of  metal  Indiffusion  Involves  the  diffusion  process 
wherein  a thin  layer  of  metal  such  as  titanium,  niobium  or  copper  Is 
deposited  upon  a clean,  polished  crystal  and  subsequently  allowed  to 
diffuse  Into  the  crystal  at  high  temperatures.  The  resulting  Index 
profiles  are  represented  by  a Gaussian  fom/3^ 

An  * A'  exp(-x2/4B'2) 

For  this  method  the  appropriate  values -of  A'  and  B'  are  A*  * 0.02  and 
B = 3 ym. 

This  comparison  of  the  resulting  diffusion  caused  Index  profiles 
focuses  on  the  essential  reasons  for  the  selection  of  Indiffusion  as  the 
process  of  waveguide  formation:  higher  Index  of  refraction  changes  at  the 
surface  and  closer  confinement  of  the  optical  fields  to  regions  (~3  ym  deep) 
near  the  surface  of  the  substrate.  This  makes  the  performance  of  a 
modulator  based  on  the  fringing  electric  fields  of  an  Interdigital  electrode 
array  quite  efficient. 

B.  Waveguide  Formation  Process 

. V! 

Basically  the  formation  of  optical  waveguide  layers  In  LiTa03  involves 
the  evaporation  of  a T1  metal  film  onto  a polished  L1Ta03  substrate  and  the 
Indiffusion  of  the  T1  Into  the  L1Ta03  substrate.  It  Is  of  utmost  Importance 
that  this  process  be  carried  out  In  a reproducible  and  closely  controlled 
manner.  To  this  end  a processing  sequence  was  developed  during  this 
program  whereby  close  scrutiny  of  the  processing  parameters  such  as 
surface  quality,  optical  flatness,  cleanliness,  uniformity  and  adherence 
of  the  metal  films  to  the  substrate  through  the  process  was  achieved.  This 
processing  sequence  Is  listed  below. 

Processing  Sequence  of  L1Ta03  Substrates 

(1)  Clean  for  Inspection  * remove  existing  lapping  compound  and 
waxes  with  organic  solvents  and  wipe  surface  clean. 

(2)  Check  for  flatness  - use  Interferometer  to  measure  the 
number  of  fringes  across  surface. 

(3)  Photograph  with  metallurgical  microscope  In  both  transmission 
and  reflection  - determine  surface  quality  after  polishing 
noting  scratches,  pits  and  cracks. 
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(4)  Clean  samples  again. 

(5)  Deposit  Ti  metal  - perform  under  vacuum  (5  x 10’7  Torr) 
with  e-beam  neating, 

(6)  Oxidize  Ti  metal  to  TiOg.  Heat  to  450  to  600°C  for  >4  hrs 
in  O2  atmosphere.  Check  surface  subsequent  to  oxidation  to 
check  if  metal  lifted  off  the  surface, 

(7)  Carry  out  diffusion  - heat  at  300°C/hr  to  temperature. 

Soak  at  temperature  and  cool  down  to  300°C/hr.  Pole  sample 
during  cooling. 

(8)  Examine  surface  subsequent  to  diffusion.  Note  especially 
surface  quality  (whether  milky  film  exists). 

(9)  Check  flatness  again  - inspect  for  warping  of  the  samples. 

This  warping  prevents  use  of  prism  coupling. 

It  has  been  found  that  the  inclusion  of  the  oxidation  step  (No.  6)  prior 
to  diffusion  enhances  the  surface  quality  of  the  sample  and  the  reproducibility 
of  the  process.  Samples  with  thicknesses  of  >1.5  mm  were  found  to  be  much 
less  susceptible  to  warping  than  thinner  samples  and  only  samples  with  >1.5  mm 
thickness  were  subsequently  used.  Fast  heating  and  cooling  was  found  to  be 
Important  to  prevent  sample  cracking.  The  optimum  temperature  at  which 
diffusion  Is  best  carried  out  is  dependent  on  the  film  thickness  and  desired 
waveguide  mode  content  of  the  structure.  Single  mode  operation  is,  of  course, 
the  optimal  manner  in  which  the  modulator  structure  should  be  implemented,  so 
that  the  minimum  temperature  of  diffusion  for  which  good  surface  quality  and 
low  loss  waveguide  layers  may  be  formed  should  be  used.  It  has  been  found 

O 

that  for  500  A films,  for  Instance,  the  minimum  temperature  is  used  (>1300°C) 
a melting  of  the  surface  occurs.  This  melting  has  been  directly  observed 
using  a novel  furnace  design  which  allows  direct  viewing  of  the  sample 
throughout  the  oxidation  and  diffusion  process.  A minimum  time  of  diffusion 

O 

at  1250°C  was  found  to  be  4 hours  for  500  A films.  To  demonstrate  that 

O 

single  mode  guides  may  easily  be  formed  by  this  in-diffusion  process  200  A 


and  50  A thick  films  were  used  as  Ti  sources.  For  these  thicknesses  1150°C 





*a.'  \ : 


Is  quite  sufficient  to  ensure  excellent  quality  of  the  waveguide  surface 
For  200  A films  diffused  for  4 hrs,  two  TE  inodes  are  found  for  1150°C 
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diffusion,  and  for  50  A films  single  mode  waveguides  formed  after  3 hrs 
diffusion  at  1150°C  for  propagation  along  the  x-axIs  of  y-cut  LITaOj 
samples. 


SECTION  III 

WAVEGUIDE  PROPAGATION  STUDIES 


Excitation  of  the  waveguide  modes  In  LITaO^  waveguides  formed  by  T1- 
Indlffuslon  was  carried  out  by  the  prism  coupling  technique.  In  this 
technique  a resonant  coupling  to  waveguide  modes  occurs  when  phase  matching 
conditions  are  met.  The  energy  transfer  from  free  propagating  beams  to 
guided  optical  beams  occurs  by  way  of  frustrated  total  Internal  reflection. 

In  our  experiments  T102  and  SrT102  prisms  were  used.  Special  prism  holders 
were  constructed  which  would  bring  the  coupling  prisms  and  the  diffused 
substrate  surface  Into  close  optical  contact.  To  localize  the  contact 
pressure  between  the  sample  and  prism  a local  pressure  point  was  formed 
below  the  sample.  For  high  temperature  experiments  Teflon  ridges  were  used 
which  have  performed  satisfactorily  at  ~150°C. 

Theoretical  analyses  of  the  prism  coupling  technique  Indicate  that  the 
maximum  efficiency  for  Input  couplers  Is  ~80%  and  for  output  couplers  Is 
close  to  100%  for  uniform  air  gap  coupling.  A tapered  gap  can  however  yield 
close  to  100X  coupling  efficiency  for  both  Input  and  output  coupling. ^ In 
our  experiments  an  average  Input  coupling  efficiency  that  has  been  measured 
Is  55%  as  Indicated  by  the  dip  method.  In  this  method  the  percentage  change 
In  the  return  beam  power  as  the  coupling  angle  Is  tuned  In  and  out  of  the 
coupling  resonance  angle  Is  measured  and  this  gives  a direct  measure  of  the 
coupling  efficiency.  Our  estimates  of  the  output  coupling  efficiency  show 
that  the  coupling  efficiency  achieved  using  the  localized  pressure  point 
prism  couplers  Is  greater  than  80%.  It  Is  felt  that  much  Improvement  In 
the  modulator  throughput  can  be  made  by  concentrating  on  the  construction 
of  variable  gap  prism  couplers. 

B.  Waveguide  Mode  Spectre  and  Index  of  Refraction  Profiles 

The  measurement  of  the  propagation  constants  of  the  various  waveguide 
nodes  may  be  used  to  Infer  basic  parameters  about  the  profile  of  In-diffused 
species.  An  analysis  of  the  expected  node  Indices  for  an  assumed  parabolic 
shape  of  the  T1 -metal  concentration  (and  therefore  the  Index  of  refraction 
profile)  1*  now  given.  This  method  If  useful  In  multimode  waveguide  structures 
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where  • theoretical  fit  of  the  observed  node  Indices  yields  the  surface 
Index  discontinuity  as  well  as  the  effective  depth  d of  the  Index  of 
refraction  profile. 

It  Is  expected  from  diffusion  theory  that  the  T1  concentration 

subsequent  to  diffusion  should  follow  a Gaussian  distribution  and  that 

(3) 

the  Index  of  refraction  should  also  be  given  by  the  Gaussian  fora:"" 

n - nQ  (1  + Ae  x /d  ) 

where  A Is  the  surface  Index  discontinuity  relative  to  nQ  or  simply  AnQ/n0, 

nQ  Is  the  substrate  Index,  and  d 1$  the  6auss1an  diffusion  depth  parameter 

equal  to  2(0t)^2,  where  D Is  the  diffusion  constant  and  t Is  the  diffusion 

time.  If  we  let  n‘  be  n (1  + A)  and  assume  that  the  regions  of  Interest 

are  those  regions  where  J Is  less  than  unity,  we  obtain  an  expression  for 

n which  follows  a parabolic  profile: 

2 

n = n ' ( 1 - A for  small  A. 
d* 

Marcuse^  has  calculated  the  modes  of  propagation  In  an  Index  profile 
of  symmetrical  behavior  n(x)  ■ n(-x).  Me  simply  need  the  odd  modes  of 
Marcuse's  analysis  since  we  may  safely  assume  the  electric  fields  at  the 
surface  to  be  zero  due  to  the  large  index  difference.  Thus  our  results 
for  the  theoretical  mode  Index  of  the  mth  mode  Is: 


n2  * n 

m 


%2  + y)  (2A) 


where  K ■ ^ for  m * 0,  1,  2... 

Our  experimental  results  for  TE  mode  waveguide  propagation  along  the 
x-axIs  of  y-cut  L1Ta03  substrates  on  a diffused  sanple  with  5 modes  were 
compared  with  theoretical  estimates  of  the  mode  Indices  based  on  fitting 
the  measured  mode  Indices  to  the  best  A and  d.  The  mode  Indices  as 
measured  are  always  higher  than  those  calculated  using  this  analysis. 

This  Is  consistent  with  the  view  that  a parabolic  profile  decreases  more 
rapidly  than  the  Gaussian  profile  to  the  value  of  the  substrate  Index.  The 
values  of  0.012  for  A corresponding  to  an  Index  discontinuity  at  the  surface 
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of  the  sample  of  0.026  and  the  value  of  3.5  in  for  d are  Indicative  of  the 
magnitude  of  these  parameters  obtained  In  most  diffused  waveguide  samples 
with  multimode  content.  This  sample  was  diffused  at  1350°C  for  12  hrs  and 

o 

had  a 500  A T1  coating.  For  single  mode  guides  this  kind  of  analysis  of 
course  does  not  work.  However  an  Indication  of  the  depth  of  the  diffusion 
for  single  mode  structures  may  be  obtained  from  microprobe  analysis.  For 
a sample  diffused  ^4  hrs  at  1075°C  which  had  500  A T1  on  the  surface  a 
microprobe  measurement  was  performed.  The  results  of  this  experiment  are 
shown  In  Fig.  1.  It  Is  thus  certain  that  single  mode  structures  are 
formed  with  ~2  pm  thick  waveguide  layers.  This  small  value  of  the  waveguide 
thickness  Is  crucial  to  efficient  modulation  of  the  guided  beams  using 
the  fringing  fields  of  Interdigital  electrode  arrays. 

C.  Waveguide  Loss  Measurements 

Measurements  were  made  of  the  waveguide  losses  at  5145  A by  varying 
the  position  of  the  output  coupler  prism  relative  to  the  fixed  Input 
coupler  and  measuring  the  output  power  as  a function  of  separation  of 
the  two  prism  couplers.  A semi-log  plot  of  the  output  versus  position 
showed  that  a clear  straight  line  trend  was  readily  obtained  and  that  the 
problem  of  the  assuring  constant  coupl Ing  throughout  the  measurement  was 

O 

avoided.  The  measured  waveguide  loss  at  5145  A for  a TE  mode  of  a two 
mode  structure  was  5 db/cm.  This  corresponds  to  an  20%  (1  db)  loss  of 
power  for  propagation  of  the  guided  beam  between  prisms,  which  are  spaced 
2 mm  apart.  This  thus  represents  an  achievement  of  our  original  estimates 

O 

of  the  waveguide  loss  at  5145  A for  this  program. 

’’is 

I 

.........  m 
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SECTION  IV 


OPTICAL  DAMAGE  IN  LITaO,  WAVEGUIDES 


A.  Model  of  Optical  Damage  In  Bulk  Crystals 

When  electro-optic  crystals  such  as  LINbO^,  KTN  and  L1Ta03  are  exposed 
to  light  of  visible  wavelength  refractive  Index  changes  may  occur.  These 
changes  occur  as  a result  of  the  build-up  of  local  electric  fields  In  the 
material  caused  by  the  optical  Irradiation.  The  Index  of  refraction  change 
Is  attributed  to  the  redistribution  of  photoexctted  carriers  In  the  lattice 
which  results  In  a macroscopic  polarization  change  and  hence  an  Index  change 
via  the  electro-optic  effect.  The  photo-electrons  are  excited  from  Impurity 
traps  by  the  Incident  radiation  and,  upon  migration,  are  retrapped  at  other 
locations,  giving  rise  to  the  frozen-in  electric  field.  In  undoped  crystals 
the  traps  are  due  to  small  traces  of  Impurities  most  notably  Fe,  Cu  and  Mn 
for  L1Ta03  and  LINbO^.  The  carrier  migration  occurs  under  the  simultaneous 
effects  of  diffusion  forces  and  an  electric  field.  This  electric  field  may 
be  Internal  or  applied.  The  relatively  large  size  of  the  r^  electro-optic 
coefficient  for  LITaOg  and  LINbOg  compared  with  the  other  coefficients  cause 
the  cotqxment  of  the  space  charge  field  along  the  optic  axis  (the  z-axls) 
to  be  most  effective  In  changing  the  Index  of  refraction.  In  particular 
the  extraordinary  index  of  refraction  changes  due  to  this  field  E according 


where  ne  Is  the  extraordinary  refractive  Index,  r33  Is  the  third  diagonal 
component  of  the  electro-optic  tensor  and  E Is  the  electric  field  along 
the  optic  axis.  This  decrease  of  the  Index  of  refraction  causes  the  optical 
beam  passing  through  a bulk  modulator  to  diverge  and  the  birefringence  change 
also  affects  the  modulator  performance.  The  optically  Induced  changes  In 
the  Indices  of  refraction  are  observed  to  fade  In  a few  hours  but  the 
remaining  part  stays  essentially  unchanged  for  days  when  the  light  Is 
removed,  unless  the  crystal  Is  heated  to  :i50°C. 


L1Ta03  Is  known  to  be  much  less  susceptible  (approximately  two 
orders  of  magnitude  less)  to  optical  damage  than  LINbO^.  Tsuya^  has 
studied  the  dependence  of  the  damage  sensitivity  on  nominal  Impurity 
concentration,  poling  procedures,  and  heat  treatment,  and  the  dependence 
of  the  thermal  decay  and  the  distribution  coefficients  of  different 
transition  metals  In  LltaOj.  Using  electron  paramagnetic  resonance  (EPR) 
and  optical  spectra  studies  It  was  found  that  Fe2+,  Cu+  and  oxygen 
vacancies,  which  occur  as  a result  of  reduction  of  the  crystal  or  deviations 
from  stoichiometry  are  the  donor  species,  and  that  Fe3+,  Cu2+,  Mn3+  and  V34 
are  the  trapping  centers.  The  migration  of  oxygen  vacancies  during  poling 
affects  the  damage  susceptibility  significantly.  The  oxygen  vacancies 
migrate  during  poling  from  the  positive  electrode  to  the  negative  and  the 
distribution  of  oxygen  vacancies  was  found  to  be  similar  to  that  of  the 
optical  damage  susceptibility  In  undoped  crystals.  The  damage  sensitivity 
In  an  Fe- doped  crystal  Is  two  orders  of  magnitude  larger  near  the  negative 
electrode  than  near  the  positive  electrode  as  a result  of  the  poling.  The 
optical  absorption  Is  also  dependent  on  the  poling  conditions  and  the 
oxidation  state  of  the  sample.  A marked  difference  In  optical  density  of 
Fe- doped  L1Ta03  Is  seen  between  different  crystal  areas  resulting  from  the 
poling  process  and  resulting  from  the  oxidation/reduction  treatment.  It 
was  found  that  areas  close  to  the  positive  electrode  In  fully  oxidized 
oxygen  vacancies  of  L1Ta03  Is  found  to  determine  to  a large  extent  the 
sensitivity  to  damage  In  undoped  L1Ta03  crystals.  The  maximum  damage 
threshold  of  bulk  L1Ta03  was  reported  to  be  -10  kW/cm2. 

B.  Optical  Damage  In  LITaOj  Waveguide  - Room  Temperature 

Bamoskl  and  Lotspelch^5^  were  the  first  to  report  the  observation  of 
optical  damage  In  optical  waveguides  In  L1Ta03.  This  work  was  a direct 
result  of  this  program's  effort.  The  particular  samples  studied  had  a 
starting  T1  layer  thickness  of  500  A and  were  diffused  In  an  02  atmosphere 
for  3 hrs  at  1073°C.  For  TE  mode  propagations  along  the  x-axIs  In  a 
y-cut  crystal  the  behavior  of  the  output  spot  and  the  m-llne  scattering 
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was  studied  as  high  optical  powers  at  5145  A were  coupled  Into  the  waveguide 
structure.  Examination  of  the  output  beam,  displayed  on  a white  screen, 
disclosed  the  following  developments  as  the  laser  Input  power  was  Increased. 
With  reference  to  Fig.  2,  an  appreciable  level  of  forward  scattering  first 
appeared  at  an  Input  power  of  ^40  mW.  After  the  power  was  raised  to  a 
level  of  MiOQ  mW,  nearly  all  the  output  power  was  scattered  Into  the  m-llne. 
However,  as  also  Illustrated  In  Fig.  2,  the  amount  of  scattering  Into  the 
m-llne  decreased  with  time;  and  after  M5  minutes,  the  quality  of  the 
transmitted  beam  with  respect  to  the  power  scattered  Into  the  m-llne 
returned  to  Its  original  form  as  exhibited  at  low  power  levels 


Following 

this  observation,  the  resonance  coupling  angle  was  returned  for  maximum 
transmission,  a change  In  resonance  coupling  was  noted,  and  only  one  mode 
Instead  of  two  was  observed. 

The  phenomenon  Is  consistent  with  the  present  model  of  optical  damage 
In  bulk  LITaO^  crystals.  The  m-llne  scattering  Is  explainable  as  being 
due  to  the  photo-induced  Index  changes  which  reduce  the  value  of  ne,  the 
extraordinary  Index  of  refraction.  The  "burn-in"  phenomena  Is  due  to  the 
development  of  a steady  state  condition  In  which  a constant  Index  of 
refraction  change  Is  achieved  under  the  cw  laser  radiation. 

The  optical  damage  In  multimode  LITaO^  waveguides  was  studied.  These 
waveguides  *ere  diffused  at  high  temperatures  >1200°C  to  form  deep  waveguide 
layers  of  4 to  5 ym.  The  waveguide  supported  5 modes  and  the  optical 
damage  phenomena  In  the  less  tightly  confined  higher  order  modes  were  studied 
at  room  temperature.  The  effect  of  reduction  In  the  optical  power  density 
In  the  higher  waveguide  modes  was  expected  to  yield  less  susceptibility  to 
damage  at  room  temperature.  This  was  confirmed  experimentally,  however, 
optical  damage  as  well  as  output  power  saturation  still  occurred.  While 
a complete  "blow-out"  of  the  central  mode  spot  Into  the  m-llne  Is  avoided 
In  these  waveguide  structures  an  elongation  of  the  central  spot  3 to  4 times 
Its  Initial  diameter  along  the  m-llne  direction  Is  observed  and  saturation 
of  the  output  power  at  a maximum  of  40  to  50  MW  for  600  MW  Input  power  Is 
observed.  These  results  suggest  the  present  room  temperature  results  are 
unsatisfactory  for  Incorporation  Into  a final  modulator  design. 


WEAK  SCATTERING 
INTO  •'-LINE 


INPUT  POWER  INPUT  POWER  INPUT  POWER  INPUT  POWER 

IO  mW  ~ 241  »*W  ~ 600  mW  ~600mW 

AFTER  4$  win 
OF  OPERATION 


Fig.  2.  History  of  output  beam  characteristics  at  0.5145  \m  as 
a function  of  input  power  and  time. 
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C.  Optical  Damage  In  LITaO^  Waveguide-Elevated  Temperature 

A property  of  the  optical  damage  In  bulk  crystals  Is  that  the  damage 
may  be  erased  by  heating  to  ~150°C  was  utilized  In  a study  of  the  optical 
damage  In  LITaOg  waveguides  at  these  temperatures.  A special  heating  stage 
and  prism  coupler  apparatus  was  constructed  for  this  purpose.  The  two 
samples  which  were  studied  most  extensively  were  samples  21-A  and  B.  These 
two  samples  exhibited  excellent  processing  results.  The  T1  film  (200  A) 
deposited  was  quite  uniform  and  did  not  have  a pitted  appearance. 

Subsequent  to  oxidation  at  650°C  for  24  hours  and  diffusion  at  1100°C 
for  12  hours  (21-A)  and  for  6 hours  (21 -B)  excellent  optical  surfaces  of 
the  final  waveguide  structures  resulted.  Both  samples  have  waveguide  layers 
which  support  only  2 TE  modes  at  5145  A for  propagation  along  the  x-axIs  and 
1 TE  mode  for  propagation  along  the  z-axls.  It  Is  worth  noting  that  only 
one  mode  was  observed  for  propagation  along  a direction  245°  with  respect 
to  the  z-axls.  This  Is  close  to  the  direction  of  optimum  electro-optic 
modulation  In  a y-cut  plate  of  ~51°  with  respect  to  z-axls  for  LINbO^  and 
LITaOy 

The  samples  were  first  studied  at  room  temperature  with  low  laser 
Input  (25  hM)  and  the  mode  structure  recorded.  At  this  low  level  of  power 
coupled  Into  the  waveguide  no  optical  damage  was  observed  and  the  optical 
waveguide  modes  could  be  easily  studied.  Estimates  of  the  surface  change 
In  Index  of  refraction  and  the  diffusion  depth  for  these  samples  are 
An  * 0.02  and  d * 2.5  pm,  based  on  an  analysis  similar  to  that  given  In 
section  II. 

The  samples  and  the  prism  coupler  apparatus  were  heated  to  150°C  and 
high  optical  power  studies  carried  out.  No  optical  damage  was  observed 
with  up  to  216  MU  coupled  out  of  the  waveguide;  In  addition,  no  saturation 
of  the  output  power  was  observed  as  a function  of  Input  power. 

To  Illustrate  the  evolution  of  the  optical  power  level  at  different 
points  within  the  waveguide  structure,  a detailed  account  Is  given  In 
Fig.  3.  The  prism  couplers  are  made  of  T102  which  has  a reflectivity  of 
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330  264 


UTaO': 


Fig.  3.  Evolution  of  optical  power  through  the  waveguide 
structure.  An  estimated  Input  coupling  of  55% 
was  used,  resulting  in  a calculated  30%  output 
coupling.  Waveguide  losses  are  estimated  to  be 
5 dB/cm. 
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Q.25  at  5145  A.  The  waveguide  loss  In  these  layers  has  been  estimated 
to  -5  dB/cm,  which  Introduces  a reduction  of  20*  of  the  power  coupled 
Into  the  fiber  after  propagating  the  2 mn  distance  between  prisms.  An 
Input  prism  coupling  efficiency  of  S5t  has  been  used  as  a reasonable 
estimate  of  this  coupling  strength  based  on  measurements  made  by  the 
"dip"  method.  This  apportionment  of  the  measured  44*  net  efficiency 
Is  consistent  with  the  observation  that  a large  fraction  of  the  optical 
power  In  the  waveguide  film  Is  efficiently  coupled  out  with  the  new  holder 
apparatus.  The  fact  that  no  power  saturation  Is  observed  Is  evidenced 
by  the  plot  of  output  power  as  a function  of  Input  power  for  sample  T1-21B 

which  Is  given  In  Fig.  4.  It  Is  Important  to  note  that  the  coupled  Input 

2 

power  density  corresponding  to  330  nM  Is  ~17  kW/cm  which  Is  above  the 

2 

room  temperature  damage  threshold  of  10  kW/cm  for  LiTaOg.  These  results 
are  representative  of  the  present  state  of  the  art  In  optical  waveguide 

modulators  structure  designed  for  high  optical  power  (>100  rriW)  handling 

• 

power  applications.  The  limit  of  600  mW  Incident  on  the  Input  coupling 
face  may  be  raised  by  anti-reflection  coatings  of  the  Input  face  of  the 
prism.  Both  Input  and  output  prisms  have  recently  been  anti -reflection 
coated  and  tests  of  the  throughput  at  higher  Incident  energies  will  be 
made. 


\ 
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SAMPLE  Ti  21 -B 


Output  power  versus  Input  power  with  55% 
input  coupling  efficiency.  Sample  Ti  21 -B 
200  A Ti  metallization,  650°C  for  6 hours 
oxidation.  1100°C  for  18  hours  diffusion, 
A = 5145  A;  Stage  temperature  = 180°C. 


SECTION  V 

MODULATOR  DESIGN  CONSIDERATIONS 


A.  Electro -Optic  Effect 

The  phase  change  <p,  in  radians*  induced  by  the  electric  signal 
field  over  a path  length  L is 


_ 2nL  An 
<J>  = -r—  An 

Ao 


where  An  is  the  refractive  index  increment  due  to  the  electro-optic 
effect  and  XQ  is  the  free-space  wavelength.  The  strongest  interaction 
in  LiTaOg  and  LiNbOg  occurs  when  the  applied  electric  field  and  optical 
electric  polarization  are  both  parallel  (or  nearly  parallel to  the 
crystalline  c axis  (optic  axis).  For  this  condition^ 


— n^r  E 
2 "3  33l3 


where  n3  is  the  extraordinary  refractive  index,  r33  is  the  appropriate 
electro-optic  coefficient,  and  E3  is  the  applied  electric  field. 


Combining  (1)  and  (2),  we  have 


irLn3r33E3 


The  crystal  must  be  cut  with  its  c axis  in  the  plane  of  the  waveguide 
essentially  transverse  to  the  beam  propagation  direction  and  the 
propagating  optical  mode  must  therefore  have  TE  polarization.  This 
polarization  has  the  best  loss  characteristics  in  proximity  to  the 
metal  electrode  surfaces. 

Table  I lists  the  relevant  electro-optic  and  dielectric 
characteristics  of  LiTa03  and  LiNb03  for  reference  and  comparison. 

The  prefixes  (T)  and  (S)  stand  for  unclamped,  or  constant  stress,  and 
clamped,  or  constant  strain  conditions.  The  dielectric  constants  or 
specific  permitivitles  are  indicated  by  e1/eQ  and  E3/eQ,  normal  and 
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TABLE  I 

Electro-optic  Materials  Properties 


UNCLAMPED 

CLAMPED 


QUANTITY 

LiTaOg 

LiNb03 

m 

809 

0.53  pm 

m 

"3 

2.21 

2.14 

2.23 

2.16 

(Tlr^.  10_10cm/V 

- 31 

~ 29 

32.2 

~ 32 

(S)r33#  10_10cm/V 

30.3 

~ 29 

30.8 

~ 30 

(T)ngr33.  ID'9  ciTi/V 

33.5 

~ 28.4 

35.7 

~ 32 

^n3r33'  I©  ^ cm/V 

32.7 

~ 28.4 

34.1 

30 

myeo 

51 

78 

<S>V£0 

41 

43 

(T>eye0 

45 

32 

<s)V£o 

43 

28 

parallel  to  the  optic  axis,  respectively,  where  eo  Is  the  permittivity 
of  free  space.  We  note  the  large  change  In  e1  for  L1Nb03  In  going  from 
the  unclamped  to  clamped  condition.  This  has  an  adverse  effect  on  the 
frequency  response  characteristics.  Likewise,  the  change  In  r33  Is 
substantially  greater  than  that  of  L1Ta03,  which  similarly  has  a 
stronger  effect  upon  the  electro-optic  frequency  response.  For  Bragg 
diffraction  the  zero**1  and  first-order  powers  are  proportional  respectively 
to  cos2($/2)  and  s1n2(<fr/2).  For  full  modulation,  corresponding  to 
100%  depletion  of  the  zero-order  beams  In  the  Idealized  cases,  the 
maximum  required  values  of  <f»  Is  4>  v * n. 


Design  Calculations 


In  order  to  design  a suitable  diffraction  modulator  we  need  to 


determine  allowable  dimensions  of  the  electrode  array,  the  resulting 
capacitance,  required  shunt  resistance*  and  suitable  matching  trans- 
former under  the  primary  constraint  of  a driver  power  not  exceeding 
3 U from  a 50-0  source  and  a minimum  bandwidth  of  500  MHz.  It  turns 


out  that  this  can  be  done  In  a fairly  straightforward  manner,  and  that 
In  particular,  both  the  power  and  the  capacitance  can  be  uniquely 
expressed  in  terms  of  the  ratio  of  electrode  separation  to  electrode 
length,  s/L. 

With  optimized  video  peaking  the  power  required  to  drive  a 
capacitance  C over  a bandwidth  B with  peak  driver  voltage  Vm  is 

V2 

p ■ z I Bcv»  <5> 

where  R$  - 1/ttBC  Is  the  shunt  resistance  needed  to  dissipate  the  power 
and  provide  an  RC-llmlted  bandwidth  B.  The  capacitance  of  an  Inter- 
digitated  electrode  array  having  N finger  pairs  on  an  x-  or  y-cut 
uniaxial  crystal  such  as  L1Ta03  1s^ 

C • eQ  ♦ (e1e3)1/2  KLN  . (6) 
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In  this  formula,  K Is  the  correction  factor^  determined  from  the  ratio 
of  electrode  width  to  spacing,  w/s.  For  L1Ta03  In  the  clamped  condition 
(which  Is  expected  to  obtain  over  most  of  the  operating  band) 

C * 3.8  KIN  pF.  (6') 

The  number  of  electrode  pairs  Is  readily  determined  from  a knowledge  of 
the  total  width  of  the  electrode  array.  For  an  Input  laser  beam  having 
a 1/e2  diameter  0 equal  to  about  1 mm.  It  Is  sufficient  to  assume  an 
electrode  array  width  of  1.5D.  Thus, 


where  S Is  the  periodicity,  expressed  In  cm.  S Is  subsequently  expressed 
as  a multiple  of  the  electrode  spacing  s. 

The  applied  electric  field  E,  In  the  active  region  of  the  beam  Is 
estimated  to  be  approx Imately'  ' 

h - s <8> 

when  the  distance  below  the  surface  Is  comparable  to  s.  This  Is  the 
assumed  design  condition  which  leads  to  uniform  field  strength  across 
the  optical  beam.  It  Is  convenient  to  express  Vm  In  terms  of  a commonly 
used  electro-optic  parameter  * L,  the  so-called  field-length  product. 
Thus,  from  (8) 

v„  - 2(E3  • L )(£)  (9) 


where 


V1 


♦rnax^o 


irn3r33 


according  to  Eq.  (3),  and  ♦ x Is  given  In  (4).  With  a specific  electrode 
wldth-to-spaclng  ratio.  It  Is  easy  to  see  from  (6*)  and  (7)  that  the 
capacitance  Is  proportional  to  L/s  and  from  (5)  and  (9)  that  the  power 
Is  proportional  to  s/l. 


He  have  calculated  the  design  values  of  C,  the  electrode  capacitance 
R$,  the  shunt  resistance,  S,  the  electrode  period,  N,  the  number  of 
periods  and  Q,  the  Bragg  diffraction  parameter^10)  Q • for  a 

2.5  mm  long  (L)  grating.  These  calculations  were  made  subject  to  the 
constraint  of  3 W electric  drive  power.  The  working  equations  for  the 
LITaO.  modulator  are  given  below.  The  results  are  shown  In  Fig.  5. 


* 2(E3  • L)(s/L) 

N » 1500/S  » ^0  . | 

C * 0.57  (f-)K(^)  x 10'2 
P - 4.616  x TO3  (|)K lh 


C.  Impedance  Hatching  Considerations 

It  Is  Imperative  that  careful  consideration  of  the  problem  of 
Impedance  matching  be  done  to  determine  the  optimum  electrode  configuration 
For  a modulator  with  L * 2.5  mm,  S * 19.4  um  and  using  K * 0.85,  the 
electrode  capacitance  C Is  ~62  pf  and  R2  ~ 10  ft.  An  Increase  of  the 
effective  resistance  by  4 and  a decrease  of  the  effective  capacitance 
by  4 results  If  the  electrode  array  Is  divided  Into  2 elements  In  series^ 
as  shown  In  Fig.  6. 

The  termination  characteristics  of  this  low  power  high  data  rate 
modulator  design  with  C * 15  pf  and  R - 43  ft  has  been  studied.  The 
reflection  coefficient  has  been  calculated  using  these  parameters  up  to 
500  ffflz.  The  formulae  used  are: 

. . 16  Z ”R+jwZ  RC  7 . |/n  mi'nf/yu*! 


where  ZR  - and  Z0  » 50  ft.  The  results  are  shown  In  Fig.  7.  In 

addition  the  ratio  of  the  coupled  power  Vc  to  the  transmitted  forward 
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power  Vi  has  been  calculated  for  various  values  of  the  lead  Inductances 
which  may  occur  In  the  final  device  configuration.  The  results  are 
shown  In  Fig.  8 along  with  the  equivalent  circuit  used  In  the  calculations. 
A schematic  diagram  of  the  modulator  design  Is  shown  In  Fig.  9. 
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Fig.  8.  The  frequency  dependence  of  the  coupled  power  for 
the  modulator  structure. 
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SECTION  VI 


MODULATION  FABRICATION 

An  Interdigital  electrode  array  photolithographic  master  was  ordered 
from  Electromask,  Inc.  of  Van  Nqys,  California.  The  finger  length  chosen 
for  this  test  mask  was  2.0  mm  In  accordance  with  the  original  proposal 
design.  The  distance  was  selected  so  that  a 1 db  (20%)  loss  In  power 
would  result  for  waveguide  propagation  over  this  distance  for  an  expected 
5 db/cm  loss.  This  loss  figure  was  obtained  during  the  program.  The 
periodicity  S * 0.8  mil  was  chosen  In  order  to  achieve  a diffraction 
parameter  Q(»2iTX0L/n3S2)  * 10,  for  adequate  Bragg  diffraction  efficiency. 
The  finger  wldth-to-gap  ratio  of  2:3  was  selected  on  the  basis  that  a 
minimum  spatial  harmonic  content  of  the  fringing  electric  field  In  the 
region  of  the  guided  optical  field  Is  attained  for  this  value.  The 
electrode  array  width  was  selected  to  be  0.236  Inches  for  this  mask. 

This  Is  considerably  wider  than  Is  necessary  to  entorace  the  laser  beam 
but  Is  useful  In  the  Initial  modulation  tests  where  latitude  of  beam 
positioning  across  the  sample  for  optimum  throughput  Is  required. 

Gold  electrode  patterns  were  formed  on  samples  21 -A  and  21  -B 
subsequent  to  the  demonstration  of  high  optical  throughput  capabilities 
at  elevated  temperatures  for  these  waveguides.  Tests  of  the  modulation 
efficiency  and  frequency  response  were  not  completed  during  this  program. 
Me  have  observed  deflection  of  the  zero  order  beam  Into  the  Bragg  first 
order  using  these  modulator  structures.  The  deflection  efficiency  was 
low  because  of  the  grating  Imperfections,  In  that  150  V were  needed  for 
^30%  deflection.  These  preliminary  tests  also  show  that  a buffer  layer 
will  be  needed  to  Isolate  the  metal  grating  from  the  waveguide  surface, 
there  being  a strong  deflection  at  twice  the  Bragg  angle  due  to  the 
Index  changes  caused  by  the  metal  grating  above. 


SECTION  VII 

CONCLUSION  AND  RECOMMENDATIONS 


In  conclusion  It  Is  felt  that  the  work  described  In  this  report  has 
documented  the  fabrication  processing  and  testing  of  optical  waveguide 
modulator  structures  In  LITaO^  capable  of  handling  high  optical  power 
levels  (>300  rN)  with  no  optical  damage  and  no  power  saturation  effects. 
This  work  has  established  the  state  of  the  art  In  optical  power  handling 
capabilities  In  waveguide  modulators  operating  In  the  visible  wavelength 
range.  Several  recommendations  for  further  work  may  be  made.  The  most 
Important  areas  where  significant  Improvement  In  the  device  performance 
may  be  accomplished  Is  that  of  the  prism  coupling  efficiency.  By  using 
variable  gap  couplers  close  to  100%  coupling  (both  Input  and  output)  may 
be  achieved.  This  would  be  a significant  Improvement  over  the  set 
coupling  efficiency  of  44%  (55%  Input  and  82%  output)  achieved  during 
this  program.  The  use  of  the  variable  gap  couplers  will  also  yield  an 
output  beam  with  an  Intensity  profile  very  close  to  a Gaussian  beam  profile. 
This  will  facilitate  the  Incorporation  of  the  waveguide  modulator  Into  the 
telescope  system  of  the  actual  laser  comnunlcatlon  system  being  developed 
for  the  405B  program.  Further  Improvements  may  be  made  In  the  throughput 
of  the  modulator  by  reducing  the  waveguide  losses  from  the  5 db/cm  level  to 

O 

<1  db/cm.  At  present  the  5 db/cm  loss  for  5145  A wavelength  operation 
figure  Is  consistent  with  the  reported  results  of  Hammer  and  Phillips^11) 
at  RCA  for  L1NbxTa^x03  waveguides  of  Z5  db/cm  for  wavelengths  close  to 
5145  A.  <1  db/cm  loss  figure  may  be  obtained.  Lastly  the  power  handling 
capability  of  these  waveguide  structures  may  be  greatly  enhanced  (most 
especially  the  room  temperature  results)  by  using  very  pure  L1Ta03 
substrates  as  starting  materials.  The  reduction  of  the  Fe  content  In 
LITaOj  Is  most  Important  In  reducing  the  damage  susceptibility. 
Experlmmtatlon  with  high  purity  LITaO^  crystals  should  be  carried  out. 
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